A 36 base pair chimeric oligonucleotide containing a central core of DNA duplex flanked by RNA/DNA hybrid at each end was synthesized. These distinct regions of the oligonucleotide adopt different conformations which were detected with antibody probes. Enzyme linked immunosorbent assays (ELISA) and a gel electrophoresis retardation assay were used to demonstrate the binding of antibodies which recognize B-DNA, Z-DNA and RNA/DNA hybrid. The DNA duplex core of this oligonucleotide adopts the B-conformation in 0.14 M NaCl. In high salt solution (4 M NaCl) the DNA core adopts the Z-conformation. The RNA/DNA hybrid at the ends of the oligomer adopt a conformation which is distinct from both B-DNA and A-RNA.
INTRODUCTION
The double helical structures of nucleic acids are generally grouped into three main categories termed A-form, B-form and Z-forui. The A-and Bhelices are the right-handed helical conformations which represent the average solution structures of RNA and DNA. The Z-form is a left-handed helix which occurs in nucleic acids with alternating purine-pyrimidine sequences under certain conditions of solvent composition or helical stress. A detailed review of nucleic acid conformation can be found in Saengerl. While it is the base sequence or primary structure of nucleic acids that contains the genetic information, there is also information in the helix conformation, which is probably important for site specific interactions of some proteins with DNA and RNA. These protein-nucleic acid interactions are critical for regulation of gene expression, replication and packaging of the genetic material. It is possible that a small region of A-or Z-form helix within a DNA molecule that is mostly in the B-form could act as a signal for protein binding. For Z-DNA, there is evidence that suggests a role in recombination?. Unusual structures such as cruciforms^.^ and bent helices'' might also constitute protein recognition sites. There is, therefore, great interest in the factors which influence nucleic acid conformation and the recognition of nucleic acid helical conformation by proteins.
Antibodies to nucleic acids are useful both as probes of conformation and as model systems for the recognition of conformation by proteins 7 '^.
Antibodies that recognize Z-DNA, double stranded RNA and RNA/DNA hybrids have been induced experimentally.
In some cases monoclonal antibodies to these conformations have been prepared and their binding specificity characterized.
Native DNA (B-DNA) is generally not immunogenic; however, autoantibodies present in the disease systemic lupus erythematosus (SLE) do bind to native DNA and monoclonal antibodies have been prepared from both humans and mice with lupus.
The most detailed information on the structure of nucleic acids has been obtained with relatively small oligonucleotides, which are amenable to study by X-ray diffraction with single crystals or by nuclear magnetic resonance (NMR) in solution.
Immunochemical probes can detect structures in either oligonucleotides or in larger polymers, which may be more relevant to the structures found in biological systems Antibodies can thus provide a link between physical studies and biological systems.
In this work the oligonucleotide (rA) 12 (dGdC) 6 (dT) 12 (the 36mer) was prepared and the helix conformation characterized by the binding of conformation-specific antibodies. This oligomer contains two segments of RNA/DNA hybrid. Hybrid duplexes are generally considered to be of the Afamily, though some demonstrate features of a B-helix and, as this and some previous work indicate, they have unique characteristics as wel 1 » . The central core of this oligomer is DNA duplex with the alternating dGdC sequence, which can form either a B-or a Z-helix. It is shown that these conformations do exist within this short oligonucleotide duplex; thus, this oligomer is a suitable system for studies of the hybrid helix geometry and the conformation of the helix at A-B and A-Z junctions.
MATERIALS AND METHODS

Antibody Preparation
The anti-native DNA antibody H241 is a monoclonal autoantibody derived from an MRL-lpr/lpr 'lupus' mouse. This antibody recognizes double stranded DNA (B-DNA) with a preference for alternating dGdC sequencesll'12,13. j^e an ti-Z-DNA antibody Z22 is a monoclonal antibody induced by immunizing mice with brominated poly(dGdC)-poly(dGdC). The preparation and characterization of this anti-Z-DNA antibody has been described**. Gt4 is a polydonal antibody from a goat immunized with poly(A)-poly(dT), which binds specifically to RNA/DNA hybrids 9 . Each of the three antibodies was immunospecifically purified, either from tissue culture fluid with a goat anti-mouse-Ig-Sepharose column, or, in the case of anti-RNA/DNA by dissociation from an antigen-antibody precipitate; as described^. ELISA
The enzyme-linked immunosorbent assay (ELISA) was used to detect the binding of antibodies to nucleic acids as previously described 15 . Competitive assays were performed to compare the affinity of the antibodies to the oligonucleotides and various polynucleotide antigens. For each antibody, a polynucleotide antigen was coated onto the surface of the wells of an ELISA plate after the plate was treated with UV light 15 . The antigens used for H241, Z22 and anti-hybrid antibodies were calf thymus DNA (Sigma), poly(dGme 5 dC) and poly(A)-poly(dT) respectively. The antibodies were incubated with the competitors at various concentrations for 1 hour before they were added to the ELISA plates. For the Z22 competition experiments, the NaCl concentration was 4 M for the incubation of antibody with competitor. All other steps in the Z22 experiment were performed in the presence of 20mM MgCl 2 , in which poly(dGme 5 dC) exists in the Z-form. The H241 and anti-hybrid experiments were performed with l OmM sodium phosphate, 140mM NaCl, pH 7.2 (PBS). Binding of antibody was detected by standard techniques using anti-mouse antibody for Z22 and H241, and anti-goat antibody for the anti-hybrid experiments, with alkaline phosphatase conjugated to each. After addition of p-nitrophenyl phosphate (Phosphatase Substrate, Sigma), the absorbance at 410 nm was monitored at ten minute intervals using a Dynatech MR600 Microplate Reader. Electrophoresis Electrophoresis of oligonucleotides was performed with 20% acrylamide gels (29:1 acrylamide/bisacrylamide). Denaturing gels contained 7M urea and were run with 90mM Tris-borate (pH 8.3), 1.25mM EDTA (TBE buffer). Nondenaturing gels were run with 90mM Tris-borate (pH 8.3), 5mM MgCl2 (TBM buffer) at 4°C.
A gel retardation assay was used to detect antibody binding. For these experiments, a 3.5% acrylamide stacking gel was poured on top of the 20% non-denaturing gel. Samples were prepared by incubating 0.5 ug of the oligonucleotide with varying amounts of the antibody in PBS buffer for 1 hour at 4°C prior to loading them onto the gel. Oligonucleotide Preparation Deoxyoligonucleotide (dGdC) 6 (dT) 12 (the 24mer) was synthesized and purified as previously . Non-denaturing gel electrophoresis of 36mer. Two forms of the oligomer are apparent in non-denaturing conditions and the relative amounts of each form depend on the sample concentration. Samples were denatured and reannealed at oligonucleotide concentrations of 0.4 micrograms/ml (a), 0.8 micrograms/ml (b), 1.6 micrograms/ml (c), 3.2 micrograms/ml (d) and 16 micrograms/ml (e). The slower migrating band is favored at high sample concentration while at low sample concentration a mixture of the two forms is present. 
Poly(A)-poly(dT) was an effective competitor for the binding of Gt4 while calf thymus DNA was not (Figure 4). The oligonucleotide (rA)j2(dGdC)g(dT)j2 competed for the anti-hybrid antibody (Figure 4), whereas (dGdC)g(dT)j2» even at a concentration of 100 micrograms/ml did not (data not shown).
Competition experiments with Z22 were performed in a buffer which contained 4M NaCl and 20mM MgCl 2 . Poly(dGme 5 dC), which adopts the Zconformation under these conditions, served as a positive control and clearly competed for the antibody ( Figure 5 ). Neither calf thymus DNA nor poly(A)-poly(dT) adopt the Z-conformation under these conditions and consequently they were not bound by Z22. Both (dGdC) 6 (dT) 12 and (rA) 12 (dGdC) 6 (dT) 12 were bound by Z22 ( Figure 5 ) indicating that the (dGdC) 6 segment can adopt a Zconformation.
Antibody binding to oligonucleotides can also be detected by a gel retardation assay. Antibody (IgG) will pass through a 3.5% acrylamide stacking gel but not through a 20% gel. When antibody and olignucleotide are run together, bound oligomers stop at the 20% gel whereas unbound oligonucleotides enter this gel. Staining of the nucleic acids with ethidium bromide demonstrates the presence of bound and free forms of the oligonucleotides. Figure 6 shows the results of a gel retardation experiment in which H241, Z22 and Gt4 were tested with the (dGdC) 6 (dT) 12 alone, a mixture of the (dGdC)g(dT)j 2 with oligo(rA)j 2 , and the ligated with anti-hybrid antibody, e) the 24mer with H241, f)the 24mer + o1igo(rn), 2 with H241, g) the 24mer with normal rabbit IgG, h) the 24mer + oligo(rA) 1? with normal rabbit IgG, i) the 36mer with Z22 (low salt conditions), j) tne 36mer with antihybrid (4:1), k) the 36mer with the anti-hybrid (2:1), 1) the 36mer with H241 (4:1), m) the 36mer with H241 (2:1), and n) the 36mer alone. Each lane contained 0.5 microgram of oligonucleotide and 8 micrograms of antibody for an antibody/oligonucleotide duplex ratio of duplex ratio of 1.7 for the 24mer alone and 2.5 for the other samples.
(rA)j 2 (dGdC)g(dT)i 2 . Each of these oligonucleotide samples contains a segment of (dGdC)g duplex and, as expected, H241 bound to all three. The anti-hybrid antibody bound to (rA) 12 (dGdC)g(dT) 12 and to the mixture of (dGdC) 6 (dT) 12 with oligo(rA) 12 but not to (dGdC) 6 (dT) 12 alone. Z22 did not bind to any of these oligonucleotides under these conditions.
DISCUSSION
The 36mer Forms £ Hairpin Loop
The sequence of the 36mer is self-complementary and can form two different base paired structures: a duplex structure or a single stranded loop structure (Figure 7) . These structures will be in equilibrium and the relative amount of each conformer will depend on the total strand concen- Gt4 Recognizes Unique Features of the Hybrid Ui the 36mer As expected, the anti-hybrid antibodies bound only to oligonucleotides containing an RNA/DNA hybrid segment. In both the competitive ELISA experiments and the gel electrophoresis retardation experiments, Gt4 bound to the ligated oligomer but not to (dGdC)g(dT)j2-The anti-hybrid antibody, at a high ratio of antibody to oligonucleotide, formed a complex which was retarded by the stacking gel. This probably results from the binding of more than one antibody per duplex and linking of oligonucleotides together to form high molecular weight complexes. Linking of oligonucleotides requires two binding sites on both the antibody and the oligomers. The ligated oligomer has two regions of hybrid per duplex and the antibody also contains two binding sites. Fab fragments produced by papain digestion of the antibody have only one binding site and therefore cannot crosslink oligonucleotides. In gel retardation experiments using Fab fragments the complexes were not retarded by the stacking gel even at very high ratios of Fab to oligonucleotide (data not shown).
As with H241, the anti-hybrid antibody showed a preference for binding to the duplex form of the 36mer over the loop. It is unlikely that loop formation disrupts the binding site for Gt4 since the hybrid helix is in the stem of the loop. A more reasonable explanation is the bivalent binding of the antibody to the two hybrid regions of one oligonucleotide duplex, which would be energetically more favorable than monovalent binding or bivalent binding to two different oligomers. The energetics of bivalent binding to one oligomer depend on the distance between the sites and the flexibility of the hinge region which connects the two binding sites of the antibody. In previous work it was suggested that the minimal chain length for bivalent antibody binding to DNA was 35-40 base pairs^. The footprinting experiments of Runkel and Nordheim suggest bivalent binding of Z22 to a segment as small as 22 base pairs^O. it is reasonable then that the anti-hybrid antibody can bind the two ends of the 36mer to form the energetically favored bivalent complex.
Anti-hybrid antibodies recognize unique features of the RNA/DNA helix. In general hybrid helices adopt an A-helical conformation^l>^2»23 > It is interesting that Raman spectral studies of r(GCG)d(CGC) assigned an Alike geometry to this hybrid molecule but the spectrum differed from both the A-RNA and A-DNA spectra, indicating unique helical characteristics for the hybrid 10 .
Poly(A)-poly(dT) is unique among RNA/DNA hybrids in that it may adopt a B-conformat ion. The conformation of this polymer is particularly relevant to the current work since the anti-hybrid antibody was prepared by immunization with poly(A)-poly(dT), and since the hybrid regions of the oligonucleotide model system have the base sequence (rAJ^-tdT)^ In the earliest fiber diffraction studies on poly(A)-poly(dT) the hybrid adopted and A-helix at low humidity but a B-helix at high humidity^. p rO m these data a model of the solution state was proposed in which the overall conformation was B-like but the sugar pucker was mixed (C3'endo for the poly(A) strand and C3'exo for the poly(dT)). More recently, a similar model was proposed based on Raman spectroscopy in solution and measurements of proton exchange rates^. The overall shape of the helix is like the B-helix but the phosphodiester backbones contain features of both A-and B-helices.
The immunochemical data on RNA/DNA hybrids presented previously ' and in this work are consistent with a unique conformation for the hybrid in solution which is present in both poly(A)-po1y(dT) and in hybrids with other base sequences. Purified anti-hybrid antibodies such as Gt4 react only with hybrid helices (whether they have A-dT, I-dC or mixed sequence base pairs) but not with B-DNA or A-RNA, suggesting unique conformational features for the hybrid. On the other hand.unabsorbed sera of animals immunized with poly(A)-poly(dT)9 or mixed sequence hybrids 2^ also contain populations of antibodies that cross-react with A-form double stranded RNA. Some antipoly(I)-poly(C) antibodies cross-react with poly(A)-poly(dT) 26 . These data suggest that all RNA/DNA hybrids share some conformational features that distinguish them from RNA and DNA, and that all hybrids, including poly(A)-poly(dT) have some features of the A-helix. _I n_ High Salt the Alternating dGdC Segment Adopts the Z-conformation Z22 is a highly specific probe for the Z-conformation^. The antibody was prepared by immunization of mice with brominated poly(dGdC) which retains the Z-conformation under physiological conditions. This antibody binds to poly(dGBr 5 dC), poly(dGme contains both DNA duplex and RNA/DNA hybrid, the helix was A-form throughout. Seising and Wells prepared block polymers which contained regions of DNA duplex and regions of RNA/DNA hybrid . This work indicated different conformations for the helices and a model was proposed for an A-B junction which involved a bend in the helix. The 36mer may be a suitible model system for more detailed conformational studies to test this model. Since the 36mer contains Z-helix under high salt conditions it may also contain an A-Z junction.
